Background
==========

Quinones are secondary metabolites of plant origin, classified as anthroquinone, phenanthrenequinone, and naphthoquinone, depending on the number of benzene rings in its basic chemical scaffold \[[@b1-medscimonit-25-8995]\]. These metabolites are extensively spread across the plant kingdom. *Polygonaceae, Leguminosae, Labiatae,* and *Boraginaceae* are some of the families that are rich sources of quinones \[[@b1-medscimonit-25-8995],[@b2-medscimonit-25-8995]\]. Quinones have been shown to exhibit strong bioactivities such as anti-microbial, antibacterial, and anti-cancer effects \[[@b2-medscimonit-25-8995]--[@b4-medscimonit-25-8995]\]. Several of the plant-derived quinones have cancer cell growth-inhibitory effects, and thymoquinone has been documented to trigger programmed cell death of cancer cells \[[@b5-medscimonit-25-8995]\]. The γ-tocopheryl quinone has been documented to suppress growth of tumor cells through activation of numerous caspases \[[@b6-medscimonit-25-8995]\]. Beta-lapachone is an important naphthoquinone isolated from various plant species \[[@b7-medscimonit-25-8995]\]; it has been shown to suppress cancer cell growth and to halt uncontrolled growth of pancreatic cancer cells mediated through induction of programmed cell death \[[@b8-medscimonit-25-8995]\]. In colon cancer cells, beta-lapachone also induces cell cycle arrest \[[@b9-medscimonit-25-8995]\]. However, the anti-cancer effects of beta-lapachone have not been examined in human nasopharyngeal tumor cells. The present study was therefore designed to demonstrate the antitumor effect of beta-lapachone in HNE1 human nasopharyngeal cancer cells. Nasopharyngeal cancer is a common form of neck and head cancer \[[@b10-medscimonit-25-8995]\]. The treatment of nasopharyngeal carcinoma is limited by early metastasis and the adverse effects of available chemotherapeutic agents \[[@b11-medscimonit-25-8995]\]. Moreover, development of multi-drug resistance in nasopharyngeal cancer patients makes it challenging to treat \[[@b12-medscimonit-25-8995],[@b13-medscimonit-25-8995]\]. In the present study, we developed various assays exhibiting the anticancerous effects of β-lapachone in nasopharyngeal carcinoma cells, and we also explored the various mechanisms of action.

Material and Methods
====================

Reagents and cell culture conditions
------------------------------------

DMEM and RPMI-1640 media (obtained from HyClone; GE Healthcare, USA) were used to maintain the HNE1 cancer cells and the normal (NP460) cells. These cells were procured from the Cancer Research Institute of Beijing (Beijing, China). The medium was supplemented with 10% fetal bovine serum, streptomycin (100 μg/ml), and penicillin G (100 U/ml) (Himedia, Pennsylvania, USA) in an incubator at 37°C with 5% CO~2~. Cell culture plasticware was procured from BD Biosciences (San Jose, CA, USA).

Cell viability determination
----------------------------

The viability of nasopharyngeal carcinoma cells was assessed via CCK-8 assay. In brief, the transfected HNE1 cells were subjected to treatment with various concentrations of beta-lapachone (0 to 320 μM) at 37°C for 24 h after seeding in 96-well plates. Thereafter, freshly prepared CCK-8 solution (10 μL) was added to the HNE1 and NP460 cell cultures and then incubated for 2 h at 37°C in a humidified incubator. Optical density (OD450) was measured by using a microplate reader, after which cell growth inhibition was calculated from optical density.

Transmission electron microscopy
--------------------------------

After beta-lapachone treatment at varied doses (0, 15, 30, and 60 μM), the HNE1 nasopharyngeal cancer cells were fixed with 4% glutaraldehyde solution and then post-fixed with 1.5% osmium tetraoxide solution and 0.05 μM sodium cacodylate and then dehydrated using alcohol. After dehydration, cells were loaded in Epon 812 and further investigations were carried out using a Zeiss CEM 902 electron microscope.

ROS and MMP estimation
----------------------

To calculate the ROS levels induced by beta-lapachone, the HNE1 cells were initially cultured for 24 h at 37°C. The cells were then treated with increasing doses of beta-lapachone (0, 15, 30, and 60 μM) for 24 h. Following drug treatment, the medium from the cell cultures was discarded and the cells were stained with a fluorescent dye -- (H2DCF-DA) (5 μM) 2′,7′-dichlorodihydrofluorescein diacetate -- to determine the ROS level. For measuring MMP, rhodamine 123 dye was used in fluorescence microscopy.

Transwell assay
---------------

To analyse the effect of beta-lapachone (0, 15, 30, and 60 μM) on the invasion ability of HNE1 cells, we used the Transwell method (8-mm pore size, procured from Corning, NY, USA). We placed 200 ml of SW480 cell culture into the upper chambers, and the lower chambers were filled with medium only. Afterwards, the cell cultures were incubated and removed from the upper chambers and invaded cells were collected. Fixation of invaded cells was done by methanol and then crystal violet dye was used for staining. Finally, using inverted microscopy at 200× magnification, the invaded cells were counted. The migration ability of cells was also assessed with the same procedure but without Matrigel coating of the Transwell chambers.

Western blot analysis
---------------------

Determination of the expressions various proteins was carried out by Western blot analysis. The beta-lapachone-treated (0, 15, 30, and 60 μM) HNE1 cells were harvested by centrifugation. The HNE1 cells were then subjected to lysis using a protease inhibitor lysis buffer. We ran 45-μg protein extracts on SDS-PAGE followed by transfer to a PVDF (polyvinylidene fluoride) membrane. Afterwards, membranes were blocked using non-fat milk and incubated for 1 h at room temperature. Then, blocked membranes were exposed to primary antibody treatment followed by incubation overnight at 4°C. Next, membranes were washed and incubated for 1 h with horseradish peroxidase-conjugated goat anti-mouse antibody. Western blot band signals were detected using the Odyssey Infrared Imaging System (LI-COR, USA). As a control for normalisation, we used beta-actin.

Statistical analysis
--------------------

All experiments were performed 3 times. Data are represented as mean±SD, and the *t* test was used with GraphPad Prism 7 software for statistical evaluation. A statistically significant difference was defined as p\<0.05.

Results
=======

Beta-lapachone inhibited proliferation of HNE1 nasopharyngeal cancer cells
--------------------------------------------------------------------------

To ascertain the anti-cancer effects of beta-lapachone ([Figure 1A](#f1-medscimonit-25-8995){ref-type="fig"}), the HNE1 cells were treated with 0--320-μM concentrations of beta-lapachone and then subjected to CCK8 assay. The outcomes of the CCK8 cell viability assay showed that beta-lapachone caused concentration-dependent decreases (*p*\<0.05) in the viability of HNE1 cells ([Figure 1B](#f1-medscimonit-25-8995){ref-type="fig"}). We found that at 24 h of incubation, beta-lapachone exhibits an IC~50~ of 30 μM against the HNE1 nasopharyngeal carcinoma cells. The anti-cancer effects were also examined against the normal NP460 cells, showing that beta-lapachone exerted minimal toxic effects, as shown by the IC~50~ of 100 μM in the normal NP460 cells ([Figure 1C](#f1-medscimonit-25-8995){ref-type="fig"}).

Beta-lapachone blocked the mTOR/PI3K/AKT biochemical signalling cascade
-----------------------------------------------------------------------

The mTOR/PI3K/AKT biochemical signalling pathway is a therapeutic target for the treatment of various cancers. We assessed the effects of beta-lapachone at concentrations of 0, 15, 30, and 60 μM on the phosphorylation status of mTOR, PI3K, and AKT ([Figure 2](#f2-medscimonit-25-8995){ref-type="fig"}). The findings of Western blot assay showed that the beta-lapachone molecule significantly (*p*\<0.05) suppressed the phosphorylation of AKT, mTOR, and PI3K in a dose-dependent manner. However, the total protein levels of AKT, mTOR, and PI3K remained apparently unaltered.

Beta-lapachone inhibited the migration of the HNE1 cells
--------------------------------------------------------

Transwell assay was used to determine the impact of beta-lapachone on the migration ability of HNE1 cells at concentrations of 0, 15, 30, and 60 μM, showing that beta-lapachone repressed the migration of HNE1 cells in a concentration-dependent manner ([Figure 3](#f3-medscimonit-25-8995){ref-type="fig"}).

Beta-lapachone inhibited the invasion ability of HNE1 cells
-----------------------------------------------------------

We also performed Transwell analysis to assess the effect of beta-lapachone on the invasive ability of HNE1 cells at 0, 15, 30, and 60 μM concentrations. The results divulged that beta-lapachone repressed the invasive ability of HNE1 tumor cells ([Figure 4](#f4-medscimonit-25-8995){ref-type="fig"}). These effects of beta-lapachone were found to be concentration-dependent.

Effects of beta-lapachone on ROS and MMP levels of HNE1 cells
-------------------------------------------------------------

The effects of beta-lapachone were examined at ROS and MMP levels in HNE1 cells at concentrations of 0, 15, 30, and 60 μM by fluorescence microscopy. We found that beta-lapachone treatment led to a strong upsurge in the ROS levels of the HNE1 tumor cell lines ([Figure 5](#f5-medscimonit-25-8995){ref-type="fig"}), along with decreased MMP levels ([Figure 6](#f6-medscimonit-25-8995){ref-type="fig"}). These effects of beta-lapachone on the ROS and MMP levels were dose-dependent.

Beta-lapachone led to autophagic induction in the HNE1 cells
------------------------------------------------------------

TEM examination of the beta-lapachone-treated HNE1 cells indicated that beta-lapachone causes development of autophagosomes in HNE1 cells, which is a hallmark of autophagy ([Figure 7](#f7-medscimonit-25-8995){ref-type="fig"}). Beta-lapachone also increased the protein levels of LC3-II and decreased p62 expression, which indicates autophagy. However, no apparent effect was seen on LC3-I protein expression ([Figure 8](#f8-medscimonit-25-8995){ref-type="fig"}).

Discussion
==========

Nasopharyngeal carcinoma is a common malignant tumor in Southeast Asia and Southern China. Metastasis of nasopharyngeal carcinoma at an early stage is associated with short survival times \[[@b14-medscimonit-25-8995]\]. The 5-year survival rate with combined treatment with cisplatin radiotherapy and chemotherapy is around 50--60% \[[@b15-medscimonit-25-8995],[@b16-medscimonit-25-8995]\]. Surgical removal, systemic chemotherapy, or radiotherapy are used for treatment of nasopharyngeal carcinoma. Nonetheless, because of the adverse impact of these treatment strategies, patient quality of life is drastically compromised \[[@b17-medscimonit-25-8995]\]. Beta-lapachone is a potent anti-cancer molecule and has been shown to halt the growth of several types of cancers \[[@b18-medscimonit-25-8995]--[@b20-medscimonit-25-8995]\]. Here, we assessed the anti-cancer effects of beta-lapachone against human nasopharyngeal HNE1 cancer cells. Our results confirm the conclusions of previous studies showing that beta-lapachone exerts anti-cancer effects on tumor cells; for instance, beta-lapachone has been revealed to stop the growth of lung cancer cells \[[@b21-medscimonit-25-8995]\]. Similarly, another study reported that beta-lapachone exerted anti-cancer effects on prostate cancer cells via induction of programmed cell death \[[@b22-medscimonit-25-8995]\]. The mTOR/PI3K/AKT signalling pathway has been revealed to be triggered in tumor cells and is thought to be a central therapeutic target for treatment of various cancers \[[@b23-medscimonit-25-8995]\]. Therefore, we investigated the effects of beta-lapachone on this signalling cascade. We found that beta-lapachone concentration-dependently blocks this signalling pathway. The ability of cancer cells to migrate to distant organs is a vital step in the metastasis of all cancers \[[@b24-medscimonit-25-8995]\]. Herein, we found that beta-lapachone suppressed the migration and invasion abilities of nasopharyngeal tumor cells. We also assessed the effects of beta-lapachone on ROS and MMP levels, finding that beta-lapachone increased ROS levels in HNE1 cells and decreased MMP levels. Beta-lapachone also triggered the production of autophagosomes in the HNE1 nasopharyngeal carcinoma cells, which was associated with an upsurge in LC3 II expression and decreased p62 expression. These findings are in agreement with previous studies showing that beta-lapachone triggers reactive oxygen species \[ROS\]-mediated autophagic death of glioma U87 cell \[[@b25-medscimonit-25-8995]\].

Conclusions
===========

We found that beta-lapachone can inhibit the growth of nasopharyngeal cancer cells via blockade of the mTOR/PI3KAKT signalling pathway. Beta-lapachone treatment of HNE1 cells also induced autophagy and suppressed cell migration and invasion. Hence, beta-lapachone appears to be a useful agent for treatment of nasopharyngeal carcinoma and warrants further investigation.
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![(**A**) Chemical structure of beta-lapachone. (**B, C**) CCK-8 analysis indicating impact of beta-lapachone on viability of HNE1 cancer cells. The experiments were done in triplicate and the findings are presented as mean±SD (\* P\<0.05).](medscimonit-25-8995-g001){#f1-medscimonit-25-8995}

![Effects of beta-lapachone on the mTOR/PI3K/AKT pathway in HNE1 cancer cells as determined by Western blot analysis. The experiments were performed in triplicate.](medscimonit-25-8995-g002){#f2-medscimonit-25-8995}

![Effects of beta-lapachone on migration of HNE1 nasopharyngeal carcinoma cells as determined by Transwell analysis. Each experiment was performed in triplicate.](medscimonit-25-8995-g003){#f3-medscimonit-25-8995}

![Effects of beta-lapachone on the invasion of the HNE1 nasopharyngeal carcinoma cells as determined by Transwell assay. The experiments were performed in triplicate.](medscimonit-25-8995-g004){#f4-medscimonit-25-8995}

![Effects of beta-lapachone on ROS levels in HNE1 nasopharyngeal carcinoma cells as determined by fluorescence microscopy. The experiments were performed in triplicate.](medscimonit-25-8995-g005){#f5-medscimonit-25-8995}

![Effects of beta-lapachone on MMP levels in HNE1 nasopharyngeal carcinoma cells as determined by fluorescence microscopy. The experiments were performed in triplicate.](medscimonit-25-8995-g006){#f6-medscimonit-25-8995}

![Beta-lapachone triggers autophagy in HNE1 nasopharyngeal carcinoma cells (arrows indicate autophagosomes). The experiments were performed in triplicate.](medscimonit-25-8995-g007){#f7-medscimonit-25-8995}

![Effect of beta-lapachone on autophagy-related proteins in HNE1 cells as determined by Western blot analysis. The experiments were performed in triplicate.](medscimonit-25-8995-g008){#f8-medscimonit-25-8995}
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